Abstract: ATP-dependent proteases are found in nearly all living organisms and are known to play important roles in protein quality control, including protein degradation and protein refolding. ATP-dependent proteases have been well characterized in Escherichia coli. However, in the opportunistic human pathogen Pseudomonas aeruginosa, the role of these proteases is only starting to be understood. This review will discuss the most recent research regarding the role of ATP-dependent proteases, particularly Lon and ClpP, in P. aeruginosa. These studies have revealed that despite the fact that they are not traditional regulators, these proteases are involved in regulating a multitude of processes, including antibiotic resistance and virulence, implicating a broad array of functions that these intracellular proteases have in Pseudomonas. These results are also relevant in the context of drug therapy, since ClpP and Lon are good candidates to become novel therapeutic targets to combat Pseudomonas infections.
Introduction
ATP-dependent proteases belonging to the AAA + (ATPases associated with a variety of cellular activities) family, for example, Lon, Clp, HslU, and FtsH, were first described in Escherichia coli (Swamy and Goldberg 1981) . However, ATP-dependent proteases are widespread in nature and can be found in almost all living organisms, including eubacteria, archaebacteria, and eukaryotes (Snider et al. 2008) . This review will focus mainly on the Lon and ClpP proteases from Pseudomonas aeruginosa and will highlight their importance in antibiotic resistance, the cellular stress response, virulence-related phenotypes, and virulence in this microorganism.
Pseudomonas aeruginosa is a major opportunistic human pathogen. Indeed, this Gram-negative bacterium is the third leading cause of nosocomial infections in North America, causing, for example, ventilator-associated pneumonia and urinary tract infections. Furthermore, P. aeruginosa chronic infections in cystic fibrosis patients eventually lead to lung damage and respiratory failure and have been associated with increased morbidity and mortality (Hutchison and Govan 1999; Gibson et al. 2003) .
Pseudomonas infections are generally difficult to eradicate owing to the high intrinsic resistance of this microorganism, together with its ability to develop resistance to common antibiotics through adaptation and mutation. For this reason, P. aeruginosa is referred to as a "Superbug", i.e., a microorganism resistant to most antibiotics available in the market. For a more detailed description of antibiotic resistance mechanisms in P. aeruginosa please refer to our recent review article (Breidenstein et al. 2011) . Since the resistance rates and the number of Pseudomonas infections have been increasing over the last few years, according to reports from the National Nosocomial Infections Surveillance system, it is becoming clear that P. aeruginosa represents a major problem in Western society (Gaynes and Edward 2005) . In this context, the search for new antibiotics and novel drug targets for antipseudomonal therapy is an important endeavour but poses a big challenge. ATP-dependent proteases have been demonstrated to fulfill the criteria for good drug targets in other pathogens, and here we will discuss the case for P. aeruginosa. which is responsible for its catalytic activity . Lon is present in a wide range of microorganisms, but some bacterial species, such as Listeria monocytogenes and Staphylococcus aureus, lack the Lon protease. Lon proteases are divided into 2 subfamilies: LonA (E. coli and P. aeruginosa) and LonB (Archaeglobus fulgidus). LonA subfamily members contain an N-terminal domain for substrate recognition, an ATP-binding domain, and a proteolytically active C-terminal domain for cleavage, whereas members of the LonB subfamily lack the N-terminal domain and have instead a membrane domain acting as an anchor (Rotanova et al. 2006) . Although most bacteria only have 1 type of Lon, some species, like Bacillus subtilis, possess both types of Lon proteases (Rotanova et al. 2004) . Furthermore, Lon and other ATP-dependent proteases bear the group name "self-compartmentalized" or "chambered" proteases, since the substrate cleavage site is sequestered within a digestion chamber. There is only restricted access to the active site, and only unfolded substrates can enter the chamber for cleavage. The Lon protease consists of a homosubunit complex, indicating that the ATPase and the proteolytic active sites are formed by a single polypeptide chain (Butler et al. 2006 ). In contrast, the ATP-dependent serine protease complexes ClpXP and ClpAP (clp: caseinolytic protease), for example, are organized in a heterosubunit complex, wherein the N-terminal ATP-binding domain and the proteolytic domain are found in different polypeptide chains. The ATP-binding proteins ClpX and ClpA, also known as translocases, recognize specific peptide sequences (tags) of unfolded proteins (Siddiqui et al. 2004; Hinnerwisch et al. 2005; Baker and Sauer 2006) . Upon recognition, these subunits bind to the tags and translocate the unfolded protein into the proteolytic chamber of the self-compartmentalized ClpP protease. ClpP then proteolytically degrades the unfolded protein chain into small peptides (Thompson et al. 1994 ). In the cytoplasm, bacterial cells also have adaptor proteins responsible for binding the target proteins and subsequently transporting them to the protease complexes for degradation ). One such adaptor protein is ClpS, which is known to interact with ClpA (Dougan et al. 2002) . ClpS recognizes and binds to specific substrates, socalled N-degrons (containing leucine, tyrosine, phenylalanine, or tryptophan residues), from the N-end rule pathway (Erbse et al. 2006; Roman-Hernandez et al. 2011) and delivers them to the ClpAP complex for degradation. In doing so, it inhibits the degradation of other substrates that are usually recognized by ClpA, as ClpS accesses the same N-terminal binding domain as other ClpA substrates. Thus, in the presence of ClpS, the ClpAP complex degrades N-degrons, whereas in the absence of ClpS, this complex degrades other unfolded proteins (Roman-Hernandez et al. 2011) .
Notably, under normal growth conditions the Lon and ClpP proteases are responsible for 70%-80% of energy-dependent protein degradation in E. coli (Maurizi 1992) . Thus, these ATP-dependent proteases can degrade unstable and misfolded proteins by translocating them into the proteolytic chamber, where peptide bond cleavage occurs. The P. aeruginosa Lon and ClpP proteases have, respectively, 84% and 86% sequence similarity to their E. coli counterparts (www.pseudomonas.com), and this high level of identity among evolutionarily divergent proteins implies critical functional attributes. Although intriguingly unlike other highly conserved proteins, these ATP-dependent protease subunits are dispensable under normal broth growth conditions, and mutants lacking them remain viable. It appears likely that, as for other bacteria, these intracellular proteases play a significant role in the degradation of proteins in P. aeruginosa. This role might be partly redundant, but evidence suggests that the ATP-dependent proteases also have specific downstream effects on aspects of virulence, antibiotic resistance, and metabolism.
Effect of protease disruption on antibiotic susceptibility
Outer membrane permeability in P. aeruginosa is remarkably low, approximately 12-100 times less than that of E. coli (Hancock 1998) , constituting 1 of the main mechanisms underlying intrinsic antibiotic resistance in this bacterium. Nevertheless, while low outer membrane permeability leads to a reduced rate of drug uptake, equilibration of hydrophilic molecules across the outer membrane is still managed within seconds. This clearly indicates that the high intrinsic resistance of Pseudomonas also relies on other secondary mechanisms, such as inducible AmpC ␤-lactamase production (Masuda et al. 1999 ) and constitutive and inducible expression of efflux pumps (RND and MexAB-OprM/MexXY-OprM) (Li et al. 1995 (Li et al. , 2000 . Additionally, P. aeruginosa exhibits acquired and adaptive resistance (for review, Breidenstein et al. 2011) . However, it is increasingly evident that other, yet unknown, mechanisms contribute to antibiotic resistance in this pathogen. Recent studies have identified new candidate genes involved in altered antibiotic resistance to several antibiotic classes (fluoroquinolones, aminoglycosides, and ␤-lactams) by screening mutant libraries of P. aeruginosa (Brazas et al. 2007; Breidenstein et al. 2008; Schurek et al. 2008; Dotsch et al. 2009; Alvarez-Ortega et al. 2010) . The genes identified in these screenings belong to a wide range of functional classes, including the ATP-dependent proteases. For instance, the disruption of the genes encoding the Lon (PA1803) and ClpP (PA1801) proteases independently leads to supersusceptibility to the fluoroquinolone ciprofloxacin (Brazas et al. 2007; Breidenstein et al. 2008) , while mutations affecting the adaptor protein ClpS confer resistance to ␤-lactam antibiotics, such as piperacillin, imipenem, aztreonam, and ceftazidime (Alvarez-Ortega et al. 2010; Fernandez et al. 2012) . Overall, the involvement of intracellular proteases in the antibiotic resistance of P. aeruginosa has not been fully determined. However, recently Breidenstein et al. (2012a) determined that the Lon protease participates in ciprofloxacin supersusceptibility by modulating the SOS DNA-damage response.
Role of the Lon protease in the SOS response triggered by ciprofloxacin and involvement in cell division
The SOS stress response is known to be an important transcriptional response to DNA damage that has been best characterized in E. coli. The E. coli DNA-damage repair system comprises 43 genes (Courcelle et al. 2001) , whereas, to date, only 15 genes in the P. aeruginosa genome have been identified to be directly involved in the SOS response of this bacterium (Cirz et al. 2006) . The SOS regulon is controlled by the repressor LexA and includes the genes recA, sulA, lexA, recN, recX, and dinG, among others. The promoter regions for each of these genes contain a consensus binding sequence for LexA (SOS box) that comprises 16 nucleotides: CTGTATAAATAACAG (the underlined nucleotides are 100% conserved), with the P. aeruginosa site having high homology to that found in E. coli (Cirz et al. 2006) . During normal growth, the SOS response genes are negatively regulated by the autorepressor LexA, which binds to the SOS box located upstream of each gene. Therefore, depending on how strong this binding is, no or only slight transcription of the SOS response genes occurs. Upon DNA damage (from treatment with ciprofloxacin or mitomycin C, UV light exposure, etc.), RecA forms filaments with the singlestranded DNA while stimulating autoproteolysis of the transcriptional repressor LexA (Butala et al. 2009 ). As a result, all SOS repair genes, including recA, are transcribed to assist in overcoming DNA damage. Once the damage has been repaired, LexA binds again to the SOS box, thereby repressing the expression of the genes involved in the SOS response.
Studies in E. coli have demonstrated that the Lon protease is involved in degrading the cell division inhibitor SulA once the DNA damage has been repaired (Mizusawa and Gottesman 1983) . However, the mechanism by which Lon affects the supersusceptibility of P. aeruginosa to ciprofloxacin, an antibiotic commonly used for treatment in the clinic, was only recently elucidated (Breidenstein et al. 2012a ). Thus, microarray and follow-up RTqPCR analysis revealed that the Lon protease is important for full induction of the SOS response upon exposure to ciprofloxacin, a DNA damaging agent. Generally, LexA-RecA and SulA are highly upregulated in response to environmental stress to overcome DNA damage and to inhibit cell division of cells containing damaged DNA, respectively. In a lon-deficient mutant, it is likely that the DNA damage is not repaired as effectively as in the wild type, since the SOS response was observed to be considerably weaker.
One prominent lon mutant phenotype (from which the gene gets its name) is filamentation due to defective cell division leading to abnormal cell elongation. The Lon protease is likely to work through SulA to regulate cell division, leading to this phenotype (Brazas et al. 2007 ). Thus in wild-type cells, the Lon protease is involved in degrading the cell division inhibitor SulA. However, in lon mutants this degradation does not occur and thus cell division is blocked.
Nevertheless, Lon does not appear to act through SulA to regulate the transcriptional levels of SOS response genes. Indeed, a strain overexpressing sulA did not show the increased susceptibility to ciprofloxacin nor dysregulation of the SOS regulon, as observed in a lon-deficient strain (Breidenstein et al. 2012a ). Therefore, it seems that the Lon protease might be acting at the protein level by cleaving other proteins involved in the SOS response. By using SDS-PAGE and Western immunoblots with specific antibodies (Breidenstein et al. 2012a) , it was demonstrated that RecA, a key player in the SOS response, does not accumulate in the lon-deficient strain upon subinhibitory ciprofloxacin exposure. This suggests that the cellular levels of RecA present in the mutant are significantly lower than in the wild type and would fail to induce the autocleavage of the repressor LexA, which is necessary for the activation of the SOS system. Thus, it seems clear that Lon is important for RecA function. A model has been proposed based on the known repressors of RecA, such as RecX, RecR, and RdgC (Umezu et al. 1994; Stohl et al. 2003; Drees et al. 2004 Drees et al. , 2006 , by which it is suggested that these are inhibited by the Lon protease. This inhibition would enable autoamplification of RecA and subsequent DNA damage repair. In the case where the Lon protein is inactive owing to mutation, the repressor proteins would stay intact, limited RecA amplification would occur, and damage would not be adequately repaired. This would ultimately lead to supersusceptibility to DNA damaging agents (fluoroquinolones, UV light, etc.), a phenotype also shared by mutants in genes involved in the SOS response and DNA repair (recA, recN, and recG) (Kidambi et al. 1996; Brazas et al. 2007; Breidenstein et al. 2008 ).
In conclusion, the Lon protease appears to modulate the levels of specific proteins involved in the SOS response, thereby promoting resistance to DNA-damaging agents like fluoroquinolone antibiotics, but this appears to be independent of its effects on SulA and cell division.
Proteases play crucial roles in adaptation to physiological and environmental changes
Bacteria are exposed throughout their life cycles to changing environmental conditions. For example, they may encounter physiological stress conditions, such as changing pH, the presence or absence of oxygen and different nutrients, osmotic shock and temperature shifts, among others. Therefore, bacteria exhibit regulatory mechanisms that have specifically evolved to adapt to the changing environment, and certain regulatory proteins are known to play crucial roles in this adaptation process. Traditionally these regulators bind to DNA and influence gene expression directly, and the list of genes that they regulate through binding to their promoter regions or through the dysregulation of other regulators is termed a regulon. ATP-dependent proteases have also been demonstrated to contribute to adaptation in diverse bacterial species, including P. aeruginosa, but they do not bind to DNA and instead are unconventional regulators acting presumably by modulating the stability of more conventional transcriptional regulators. An example of this was provided above, whereby Lon regulates cell division and the DNA damage response by influencing the stability of the SulA and (through RecA) LexA transcriptional regulators, respectively.
In many bacteria, the Lon protease also belongs to the heatshock regulon and is the main protease involved in the degradation of misfolded proteins (Gottesman 1996) . Misfolding occurs frequently during heat shock, and therefore, it is necessary that the Lon protease is present in high quantities under these conditions to prevent protein aggregate accumulation inside the cell. Indeed, lon expression is induced during heat shock at 42°C, which is consistent with the fact that the Lon protease is required to unfold misfolded proteins and for their subsequent degradation (E.B.M. Breidenstein and R.E.W. Hancock, unpublished data). Examples of known Lon target proteins in E. coli include SulA (cell division inhibitor) (Mizusawa and Gottesman 1983) , RcsA (transcriptional activator for capsule synthesis) (Torres-Cabassa and Gottesman 1987), the antitermination protein (N protein) of phage (Maurizi 1987) , and certain short-lived regulatory proteins (Gottesman 1996) . Furthermore, lon expression is induced under subinhibitory and lethal aminoglycoside exposure, which can impact on microbial persistence (Marr et al. 2007 ). Intriguingly, P. aeruginosa has another ATP-dependent protease, AsrA (aminoglycoside-induced stress response ATP-dependent protease), encoded by the gene PA0779, which has 60% similarity to the Lon protease. It was recently shown to be highly upregulated by bacteriostatic and lethal concentrations of tobramycin and to control the heat-shock stress response to tobramycin in Pseudomonas (Kindrachuk et al. 2011) . Indeed, this protease has been proposed as a key mediator of the heat-shock response. Several ATP-dependent proteases are present in P. aeruginosa, and although they have overlapping functions, they also have quite distinct properties (Fernandez et al. 2012) . This is consistent with our observations that while the Lon protease is involved in general stress responses, it also plays distinct and specialized roles in the bacterial cell.
Involvement of the Lon protease in virulence-related properties
It is well documented that the ability of Pseudomonas to form biofilms and to move in different environments (motility) contributes to the virulence of this microorganism. To date, 4 different types of motility have been described in P. aeruginosa, namely swarming, swimming, twitching, and surfing. Swimming motility occurs in aqueous environments and is mediated by the single polar flagellum normally present in Pseudomonas cells (Kohler et al. 2000; Dasgupta et al. 2003) , whereas twitching motility relies on the presence of type IV pili. Twitching enables bacteria to pull themselves along surfaces through extension, surface adherence, and retraction of pili (Skerker and Berg 2001) . Swarming motility is a social behaviour displayed by bacterial cells when growing on a surface of certain viscosity in the presence of poor nitrogen sources, such as amino acids, and is dependent on both type IV pili and flagella . A fourth distinct type of motility, surfing, was only recently described as being dependent on the presence of mucin, a glycoprotein present at mucosal surfaces. Like swarming, surfing is a complex adaptation that involves the coordinated expression of hundreds of genes. However, unlike swarming, surfing motility is flagella-but not pili-dependent (Yeung et al. 2012) .
In addition to their involvement in antibiotic resistance, the P. aeruginosa ATP-dependent proteases Lon and ClpP and adaptor protein ClpS are important in motility, which is considered a virulence-related property (Marr et al. 2007; Fernandez et al. 2012 ). For example, lon mutants exhibit a drastic deficiency in swarming motility. Additionally, lon mutants have a moderate deficiency in swimming and also major twitching and surfing deficiencies (Marr et al. 2007; Breidenstein et al. 2012b ). Thus, the Lon protease seems to play a major role in modulating motility, although the molecular mechanisms behind the involvement of the Lon protease in these processes are still largely unknown, since only a few flagella and pili genes are dysregulated in a lon mutant (E.B.M Breidenstein and R.E.W. Hancock, unpublished data). Interestingly, the ClpP and ClpS proteins also play a critical role in motility. Thus, the motility phenotypes displayed by clpP mutants are fairly similar to those of lon mutants, as they exhibit a swarming, swimming, and twitching deficiency (Fernandez et al. 2012) , although the influence of ClpP on the newly described surfing motility has not yet been examined. ClpS-deficient mutants exhibit a swarming defect and a slightly reduced ability to swim, indicating that ClpS also impacts on motility. In contrast, 7 other probable ATP-dependent proteases as well as ATP-binding subunits of the ClpP protease do not seem to be involved in motility, as mutation of these genes does not alter the motility of P. aeruginosa (Fernandez et al. 2012 ). These results demonstrate that ATPdependent proteases can play distinct roles in the cell depending presumably on their specific targets.
Biofilm formation is a "social" behaviour that involves the coordinated formation of structured microbial aggregates on surfaces. It requires the involvement of flagella, pili, and a large array of genes, including several traditional transcriptional regulators (Klausen et al. 2003) . It is thought to be highly medically pertinent, since more than 65% of all infections involve biofilms. Biofilm formation is initiated by flagella motility that allows planktonic (free-swimming) cells to approach a surface, then attach more strongly, and finally grow into a heterogeneous mushroom-shaped structure held together by a matrix of extracellular polysaccharides, proteins, and DNA. Cells in biofilm growth mode are notably (10-to 1000-fold) resistant to the action of most antimicrobials (Hoyle and Costerton 1991; O'Toole and Kolter 1998; Costerton et al. 1999; Whiteley et al. 2001 ). This has been attributed to a variety of factors, including restricted penetration into the extracellular matrix, antibiotic-destroying enzymes trapped and concentrated in this matrix, the presence of highly resistant "persister" cells, stress responses within the biofilm, or the stationary growth phase within the biofilm that limits the action of those antibiotics that can only kill logarithmically growing cells (Lewis 2001; Mah and O'Toole 2001; Spoering and Lewis 2001; Pamp et al. 2008) .
As a social phenomenon, biofilm formation is controlled in part by quorum sensing. Quorum sensing is an intercellular communication system where a certain threshold of bacteria is required to produce a strong signal. Once this threshold is reached, autoinducer signal molecules achieve sufficiently high concentrations to enter neighbouring cells and trigger changes in their gene expression patterns (Schuster and Greenberg 2006) . Pseudomonas aeruginosa produces 2 homoserine lactone autoinducer molecules: 3-oxododecanoyl homoserine lactone (product of the Las system) and N-butyryl homoserine lactone (product of the Rhl system) as well as the Pseudomonas quinolone signal 3,4-dihydroxy-2-heptylquinoline (Smith et al. 2002; Diggle et al. 2006) . The homoserine lactone regulatory systems LasRI and RhlRI are regulated at the transcriptional level by LasR and RhlR, respectively. The LasRI system is able to regulate the RhlRI system, implicating a regulatory cascade or hierarchy (Brint and Ohman 1995) . The Lon protease is a negative regulator of quorum sensing in P. aeruginosa. In particular, Takaya et al. (2008) showed that the Lon protease represses LasRI expression by degrading the autoinducer synthase LasI. The degradation of LasI, in turn, leads to the negative regulation of the RhlRI system, and as a result, lon mutants have increased levels of RhlR. With this in mind, it is not surprising that these mutants overproduce the quorum-sensing-regulated pyocyanin. Additionally, the connection between quorum-sensing signalling and biofilm formation also explains to a certain extent the altered biofilm formation observed in lon-deficient mutants. Interestingly, the biofilm-forming phenotype of lon mutants is strain dependent. Thus, a PA14-based lon mutant showed a strong increase in biofilm formation compared with the wild type (E.B.M. Breidenstein and R.E.W. Hancock, unpublished data), whereas the mutation of lon in a PAO1 strain background leads to decreased biofilm formation (Marr et al. 2007 ). This discrepancy in biofilm formation between the 2 strain backgrounds is in accordance with previously published data on the relationship between the 2 surface-associated behaviours -swarming and biofilms -in strains PA14 and PAO1. Thus, these 2 processes are often, but not always, coregulated in PAO1 mutant strains ), whereas there is often an inverse regulation in strain PA14 (Caiazza et al. 2007; Yeung et al. 2010) . In addition to Lon, mutants in the ClpP and ClpS proteases (which are motility deficient) also exhibited a deficiency in biofilm formation. Swarming motility and biofilm formation have been implicated as important for in vivo growth, and therefore, the altered phenotypes displayed by strains carrying mutations in ATP-dependent proteases hint that these protease mutants might to some extent control virulence.
While the Lon and ClpP proteases have been previously shown to be involved in motility and biofilm formation in other bacteria, the involvement of ClpS in these processes is novel and was only recently demonstrated (Fernandez et al. 2012 ). Overall, intracellular proteases exert regulatory functions affecting a multitude of processes that go far beyond their expected role in stress responses.
Pathogenicity is influenced by intracellular proteases
Apart from the virulence-related defects observed in lon and clpP mutants in various microorganisms, several studies have demonstrated a role for these proteases in virulence in vivo. For instance, a clpP mutant in S. aureus has been shown to exhibit strongly decreased virulence. Likewise, ClpP has been demonstrated to be required for virulence in a skin abscess mouse model (Frees et al. 2003) . Thus, fewer or no lesions were observed when a clpP mutant was injected into mice, when compared with the wild type, and fewer mutant strain bacteria were recovered from lesions compared with the wild type. Similarly, lon mutants also have reduced pathogenicity in Gram-negative bacteria, such as Salmonella enterica (Takaya et al. 2003) , Campylobacter jejuni (Cohn et al. 2007) , and P. aeruginosa (Breidenstein et al. 2012b ). In S. enterica, the Lon protease has been shown to be important for systemic infection of mice and regulates bacterial survival within macrophages (Takaya et al. 2003) . Indeed, lon mutants cannot survive and proliferate in murine macrophages. Recently, the Lon protease has been shown to contribute to pathogenesis in P. aeruginosa infections (Breidenstein et al. 2012b) , including both acute and chronic infection models. The acute infection mouse model indicated that mice infected with the lon mutant exhibited only minor signs of stress 4 h postinfection, whereas mice infected with the same numbers of the wild-type strain appeared very sick and stressed. This was consistent with the observation that a lower bacterial load from the bronchoalveolar lavage was recovered from the mutant strain compared with the wild type. Furthermore, a chronic infection model in rats, established by encasing Pseudomonas in agar beads that were infiltrated into the lungs, showed that the lon mutant had a 500-fold reduced ability to compete with the wild-type strain in vivo, whereas no difference in maintenance could be observed during in vitro growth. The ability to withstand killing by amoebae has been related to virulence (Alibaud et al. 2008) . It was observed that compared with the wild-type strain, P. aeruginosa lon mutants were more susceptible to phagocytosis by amoebae and required a smaller number of amoebae for plaque formation. Overall, the Lon protease seems to contribute to establishment of infection and bacterial colonization. In contrast, Lon exerted the opposite effects in the plant pathogen Pseudomonas syringae, which exhibited an increase in virulence for plants upon mutation of the Lon protease (Bretz et al. 2002) . In particular, it was shown that tissue necrosis occurred 3 h earlier with the lon mutant than with the wild type. This discrepancy might relate to the different hosts or pathogens and highlights that the regulation mediated by the Lon protease may have variable impacts.
To understand the participation of such proteases in pathogenicity, it is important to analyze whether intracellular proteases like Lon can affect the expression of virulence factors. In P. aeruginosa, the secretion of virulence proteins occurs mainly through 4 types of secretion systems (Type I, II, III, VI) that lead to secretion of virulence factors into the extracellular milieu or directly into the cytosol of the host cell. In particular, the Type III needle-like contact-dependent secretion apparatus, involving around 40 genes, plays an important role in virulence in P. aeruginosa. The exoproteins (e.g., ExoU, ExoT, ExoY, and ExoS), which are known to contribute to lung tissue damage, are transported through an assembled needle. For a detailed review on Type III secretion please refer to Hauser (2009) . Interestingly, we demonstrated that several selected genes involved in Type III secretion were downregulated in a lon mutant (Breidenstein et al. 2012b) . This is consistent with the possibility that Lon participates in virulence, to some extent, by enabling the full expression of Type III effector proteins. Similar results were observed in Yersinia, in which the lack of Lon was associated with a lower expression of Type III secretion proteins and reduced virulence (Jackson et al. 2004) . In contrast, a P. syringae lon mutant exhibited an increase in Type III secretion system expression, which is consistent with an increase in virulence as mentioned previously (Bretz et al. 2002) .
ATP-dependent proteases as potential targets for antimicrobial therapy
As discussed above, ATP-dependent proteases influence virulence in several microorganisms, including P. aeruginosa. For this reason, it seems possible that ATP-dependent proteases could be used as targets for antimicrobial therapy. Indeed, a recent study showed that the S. enterica Lon protease can be inhibited by the peptidyl boronate compound MG262, which is a proteasome inhibitor and is commonly used for inhibiting the activation of a key transcription factor in host innate immunity, NFB (Frase et al. 2006) . Both the peptide and the boronic acid moieties appear to be important for the inhibition of Lon. In screening a series of commercially available peptide-based proteasome inhibitors, MG262 was demonstrated to be the most potent inhibitor of S. enterica Lon activity. However, this study did not involve specific design but rather the screening of a series of molecules designed for other targets, and further research is necessary to design compounds that specifically target bacterial Lon, without affecting the mammalian proteasome, which would cause potential toxicity for man. Other potent inhibitors, the ␤-lactones, target the ClpP ATP-dependent protease of S. aureus, which is also involved in virulence. By inhibiting ClpP, these inhibitors lead to a drastic decrease in the expression of virulence factors (Bottcher and Sieber 2008) .
The participation of Lon proteases in virulence also makes them interesting targets for live vaccine development. Interestingly, immunization with a Salmonella lon-deficient strain has been shown to protect mice against a subsequent oral challenge with a virulent Salmonella strain and even a challenge with virulent Listeria monocytogenes .
To date, there are no known inhibitors for the P. aeruginosa Lon protease; however, the involvement of the ATP-dependent Lon protease in the virulence of this pathogen indicates that it could be a good antimicrobial target. Indeed, mutation of the lon-encoding gene in P. aeruginosa leads to a significant reduction in virulence, as well as lower resistance to fluoroquinolones (Brazas et al. 2007; Breidenstein et al. 2008 Breidenstein et al. , 2012b . The very high homology between S. enterica and P. aeruginosa Lon proteases indicates the possibility that inhibitors like MG262 could serve as templates. Nonetheless, further research is still required to test the efficacy of MG262 to inhibit P. aeruginosa Lon and to identify new potential inhibitors based on this template. In addition, further studies should be undertaken to investigate whether a P. aeruginosa lon mutant would be a good candidate for the development of a live vaccine against Pseudomonas infections.
Conclusions
In this review, we have reported the most recent findings regarding the importance of intracellular ATP-dependent proteases in P. aeruginosa, in particular Lon and ClpP, in cellular functions, other than their known role in protein quality control . Indeed, there is an increasing body of evidence that these intracellular proteases play crucial roles in the coordination of antibiotic resistance, motility, biofilm formation, virulence, and stress adaptation in this microorganism (Fig. 1) . For example, mutations in the genes encoding the Lon and ClpP proteases have been identified to exhibit increased susceptibility to ciprofloxacin (Brazas et al. 2007; Breidenstein et al. 2008; Fernandez et al. 2012) . Furthermore, these mutants show defects in motility (swarming, swimming, twitching) and biofilm formation (Marr et al. 2007; Fernandez et al. 2012 ). These observations in P. aeruginosa are consistent with studies in other microorganisms but extend the impressive range of Lon-mediated cellular functions (Msadek et al. 1998; Cohn et al. 2007; de Bruijn and Raaijmakers 2009) .
Based on these observations, we (Breidenstein et al. 2012a ) have hypothesized that the Lon protease regulates and coordinates resistance to ciprofloxacin and key virulence determinants of P. aeruginosa by modulating the stability of key transcriptional regulators. The mechanistic basis was defined for the involvement of the Lon protease in protecting P. aeruginosa from DNA damage by exposure to ciprofloxacin or UV light by modulating the SOS response. Furthermore, we have found (E.B.M. Breidenstein and R.E.W. Hancock, unpublished data) that the Lon protease impacts on global regulation at the transcriptional level, since a lon mutation causes dysregulation of hundreds of genes. Therefore, the Lon protease seems to be a key modulator in P. aeruginosa cells. In addition, we recently determined that the Lon protease is involved not only in determining ciprofloxacin resistance, motility, biofilm formation, correct cell division, and the DNA damage (SOS) and other stress responses, but also in virulence, since lon mutants were consistently less virulent in several in vivo models (Breidenstein et al. 2012b ). These observations of decreased virulence for the Pseudomonas lon mutant correlate well with studies performed in Salmonella and Campylobacter (Takaya et al. 2003; Boddicker and Jones 2004; Cohn et al. 2007 ). This suggests that the Lon protease might have a common role in virulence throughout the bacterial kingdom.
The participation of the ATP-dependent Lon protease in virulence and antibiotic resistance suggests that the design of a specific inhibitor for this protease would be an attractive new therapeutic option to treat P. aeruginosa infections. Thus, the inhibition of Lon would attenuate the virulence of the bacterium and, at the same time, increase susceptibility to ciprofloxacin, all of which would be beneficial in clinical settings.
Another protease, ClpP, which is known to work in concert with Lon, is also involved in antibiotic resistance and virulence-related properties (Fernandez et al. 2012) . In contrast to the Lon protease, its importance in the virulence of P. aeruginosa has not been reported to date. Cohn et al. (2007) , however, showed that a clpPdeficient strain in C. jejuni exhibited a lower level of invasion of epithelial cells compared with the wild-type strain. To our knowledge, nobody has addressed this question yet for the clpP mutant of Pseudomonas.
Overall, further research is required to fully understand how ATP-dependent proteases can act as global regulators inside the bacterial cell, as well as their potential as novel antimicrobial targets. This is ultimately relevant to the clinic, particularly for the treatment of cystic fibrosis patients, where Pseudomonas causes chronic lung infections that can lead to mortality. In these patients, Pseudomonas is very difficult to eradicate with the currently available antibiotics, and therefore, it is paramount to find new therapy alternatives. Within this context, ATP-dependent proteases would be good candidates for the development of new therapeutics against P. aeruginosa, as their inhibition has been shown to have potent effects in other microorganisms. 
